Abstract: Between May and December 1996, monthly samples of surface sediment (0-1 cm), settling matter, and water were taken at a shallow site and a deep site in each of two consecutive Hg-polluted riverine lakes. In the upper lake, the sediment was polluted also with cellulose fiber. Both hypolimnia turned anoxic, but sulfide was detected only in the upper lake. When sulfide appeared, hypolimnetic methyl mercury (MeHg) increased and reached 47 pM (9.4 ng·L -1 ), whereas MeHg in the sediment below decreased. The increase in hypolimnetic inorganic Hg (IHg = total Hg -MeHg), which reached a peak of 40 pM (8.0 ng·L -1 ), was slower, possibly because mobilized IHg was methylated. In the lower lake, hypolimnetic MeHg and IHg increased less dramatically during summer stratification, reaching only 5 and 24 pM (1.0 and 4.8 ng·L -1 ), respectively. There was no detectable concomitant decrease in sediment MeHg. In both lakes, MeHg appeared to increase simultaneously with total Fe and Mn in the hypolimnion, as did IHg in the lower lake. Our observations suggest that the presence of hydrous ferric and manganese oxides decreased the mobility of Hg in both lakes but increased MeHg production in the upper lake. 
Introduction
Mercury is a nonessential heavy metal that is highly toxic to all organisms. Its monomethylated form, methyl mercury (MeHg), is a human health concern and poses a threat mainly to those with a high intake of piscivorous freshwater fish. MeHg, as opposed to inorganic Hg (IHg = total HgMeHg), is highly bioaccumulated in aquatic food chains and may reach concentrations in fish six to seven orders of magnitude higher than in water (Driscoll et al. 1994) .
Mercury is transported in rivers in both dissolved and particulate form, the particulate fraction increasing during high flow (Jackson et al. 1982) . When a river passes through a lake, a major part of the particle-bound Hg may settle to the bottom, whereas dissolved forms may be scavenged by seston, notably phytoplankton (Kirkwood et al. 1999) , and thereafter settle to the bottom. Dissolved Hg is also adsorbed directly by bottom sediment, volatilizes, or is simply transported out of the lake with outflowing water.
Several processes interfere with Hg accumulation in lake sediment. Release of Hg from particles will cause Hg to build up in the water and increase its export downstream. Another process of great concern is methylation of IHg to MeHg because it leads to a dramatic increase in bioavailability. Methylation may also increase the mobility of Hg in anaerobic environments (Regnell et al. 1996; Bloom et al. 1999) . Reduction to Hg(0) and volatilization has been shown to significantly reduce the net input of Hg to lakes (e.g., Poissant et al. 2000) .
Lake stratification is known to increase net MeHg produc-tion and also to increase the recycling of Hg in the water column and at the sediment-water interface. Typically, anoxic conditions develop in hypolimnia of stratified lakes, which may or may not be accompanied by increased levels of free sulfide (H 2 S and HS -). It is widely recognized that MeHg is produced mainly under anoxic conditions and that the major Hg methylators are found within the group of sulfate-reducing bacteria (Compeau and Bartha 1985) . However, sulfide generated by these bacteria is known to inhibit Hg methylation by rendering Hg less available for methylation (Berman and Bartha 1986; Benoit et al. 1999) .
Hypolimnetic enrichment of total Hg (THg) and MeHg is a common phenomenon and several mechanisms explaining it have been suggested: (i) reductive dissolution of iron and manganese oxides with which Hg(II) and MeHg are associated (e.g., Cossa et al. 1994; Jackson 1998) , (ii) formation of water-soluble Hg(II)-sulfide complexes and MeHgSH (e.g., Wang and Driscoll 1995; Regnell et al. 1997) , (iii) mineralization of settling biotic particles, leading to dissolved or colloidal forms of Hg (Hurley et al. 1991) , (iv) sedimentation of dense layers of seston that have accumulated Hg in the upper water layers (Hurley et al. 1991) , and (v) in situ methylation of IHg (Watras et al. 1995a ).
The present study was designed primarily to shed light on the effect of stratification, anoxia, and sulfide on retention and recycling of THg and MeHg in two consecutive Hgpolluted boreal lakes in a Swedish river system. In order to meet this goal, we followed seasonal variation in the levels of THg, MeHg, and various physicochemical variables in the water, settling matter, and surface sediment from May to December in 1996.
Materials and methods

Lakes
The study lakes, Övre Svartsjön and Nedre Svartsjön (referred to below as "the upper lake" and "the lower lake") are situated in southeastern Sweden. A small river (yearly average flow 0.9 m 3 ·s -1 ) passes through the lakes, the lower lake being immediately downstream of the upper lake (Fig. 1) . The theoretical residence time of the water, based on the average yearly flow, was 4 days in the upper lake and 10 days in the lower lake. Upstream from the lakes, a paper mill is situated that released cellulose fibers, mostly from unbleached ground wood pulp, into the river until new treatment facilities were constructed in the early 1970s. Between 1940 and 1965, the pulp was impregnated with phenyl mercury acetate to prevent slime growth. Because of the low stability of phenyl mercury (Jackson 1998), we thought that it was reasonable to assume that all phenyl mercury acetate had been converted to IHg and MeHg.
The upper lake, being the first major sedimentation basin, has accumulated large amounts of cellulose fibers. According to a recent survey, it contains approximately 14 400 t (dry) of sediment containing cellulose fibers showing variable degrees of degradation. In the lower lake, no cellulose fibers were found, but its bottom sediment may contain material originating from cellulose fiber. Basic limnological data for the two lakes are given in Table 1 .
Sampling strategy
Water samples were collected monthly (May-December 1996) at the site of maximum depth in each lake. On all occasions, water was sampled from 0.5 m below the surface and 0.5 m above the bottom sediment. In July and August, water samples were collected from three additional depths in the thermocline. In the lower lake, which was stratified longer, this was done also in September.
Surface sediment samples (0-1 cm) were collected from two stations in each lake, one at a shallow site where the sediment-water interface was always well oxygenated and the other at the site of maximum depth. Four or five sediment samples were taken from each station on each occasion. Locations of the sampling sites are shown in Fig. 1 . In the fall of 1999, one core was taken at each station in the lower lake in order to determine the vertical distribution of Hg and other constituents in the sediment.
Sediment traps (Limnos OY, Finland), inner diameter = 62 mm and height = 400 mm, were placed 1 m above the sediment-water interface in the vicinity of each of the four stations for sediment sampling. These were emptied monthly between June and December. No preservative was added to the traps.
Sampling methods
Water for all types of analyses was collected using a metal-free Ruttner sampler, which was rinsed with ultraclean HNO 3 and MQ water before use. Teflon bottles (120 mL), filled with ultraclean MQ water and 0.5 mL of concentrated HCl, were emptied and rinsed twice with the sample water before being completely filled with sample. Each Teflon bottle was then double bagged using plastic polyethylene bags and placed in a refrigerated box. To avoid contamination, plastic gloves were used during sampling. The samples were immediately transported to the laboratory. There, prior to storage at 6-9°C, 0.6 mL of HCl was added to each sample.
Sediment samples were obtained with a corer of our own design equipped with plastic liners. Only the top 0-1 cm of the sediment was transferred to plastic jars. These were double bagged and placed in a refrigerated box and then stored frozen until analysis. The sediment trap material was handled in a similar manner.
Analytical procedures
THg in water was quantified using a double-amalgamation technique and atomic fluorescence detection. Sediment samples were wet oxidized in Teflon containers to which concentrated HNO 3 was added. The Teflon containers were placed in an autoclave (123°C) for 1 h. The samples were then transferred to a reaction vessel to which SnCl 2 was added to convert all Hg to elemental Hg. A coldvapor atomic absorption spectrophotometer (LDC mercury monitor) was used for quantification. See Table 2 for detection limits and precision of measurements.
MeHg was determined by the method of Bloom (1989) . However, instead of extraction, the initial cleanup and preconcentration step was distillation (Horvat et al. 1988) . In order to quantify MeHg in sediment samples, all MeHg was transferred to water using a similar distillation procedure as for water samples. Artifact formation of MeHg during distillation has been demonstrated. This could be significant for sediment samples with <1% of THg as MeHg (Bloom et al. 1997) . Since the proportion of THg present as MeHg in the majority of our sediment samples was well above 1%, we are confident that any artifact MeHg could be safely neglected. See Table 2 for detection limits and precision of measurements. A more thorough description of the analytical procedures for the determination of THg and MeHg in water and MeHg in sediment is given in Regnell et al. (1997) .
Total Fe and Mn were determined in water samples that were acidified with HNO 3 using an ICP-ES instrument (Perkin Elmer, plasma II emission spectrometer). Total Fe, Mn, P, and S were quantified in lyophilized sediment samples after wet oxidation using the same instrument (see Regnell et al. 1997) .
Total organic carbon (TOC) in water was determined using a carbon analyzer (Shimadzu, TOC-500). Particulate organic carbon (POC) was estimated from the concentration of suspended particulate matter (SPM), the ignition loss of SPM, and the relationship between ignition loss and total C in the surface sediment below (ignition loss = K × total C, where K = 2.0 and 2.1 in the upper and lower lake, respectively). Dissolved organic carbon (DOC) was calculated by subtraction. The total C content of the sediment was determined using a carbon analyzer for solid samples (LECO). Since both study lakes are softwater lakes (low alkalinities), it can be assumed that total C represented TOC in the sediment.
Sulfide in water samples was measured colorimetrically using the methylene blue method (Fonselius 1983) . The samples were stabilized in the field by adding solutions of zinc acetate and NaOH. Water temperature and dissolved oxygen were measured directly in the field with a temperature-oxygen probe (YSI model 58).
Data analysis
To study covariation between two variables, Pearson's productmoment correlation coefficients (r) and associated significant probabilities (P) were computed for untransformed data (log transformation resulted in virtually the same values). For each correlation matrix, the P values of the correlation coefficients were corrected using a sequential Bonferroni test (Sokal and Rohlf 1995) . When pairwise relationships between sediment variables were investigated, mean values from each sampling date (n = 4-5) were used. The correlation coefficients thus reflected temporal rather than small-scale spatial relationships between the variables at each station. To further illustrate covariation between sediment variables, principal components analysis (PCA) was performed. All variables were standardized prior to performing the PCA. Because all the individual sediment samples at one station were used in this calculation, the PCAs reflected not only temporal variation but also small-scale spatial variation at the four sampling stations. Spatial variation would result from the fact that samples were taken at least a few inches apart on the same sampling occasion and probably metres apart between sampling occasions.
Results and discussion
Enrichment of MeHg and IHg in the hypolimnetic water
In both lakes, [MeHg] and [IHg] increased in the anoxic hypolimnion during summer stratification. A constant rate of release from the bottom sediment and (or) settling matter does not conform to the fact that the lakes were stratified long before [MeHg] and [IHg] started to rise in the hypolimnion (cf. Figs. 2 and 3 ). Moreover, in both lakes, the buildup of MeHg in the surficial sediment preceded that in the overlying water. The fact that [total Fe] and [total Mn] peaked simultaneously with [MeHg] and [IHg] in the hypolimnetic water of both lakes indicated that release of Hg occurred mainly at low redox potentials (Fig. 3) .
Hydrous ferric and manganese oxides (HFO and HMO) have high capacity for binding both MeHg and Hg(II) (Cossa et al. 1994; Gagnon and Fisher 1997 (Fig. 3) . Possibly, almost all Hg released from particulate matter was methylated during the initial phase of anoxia in the upper lake, after which methylation was inhibited by high sulfide levels, allowing a significant buildup of IHg. In the lower lake, in which methylation rates were much lower, [IHg] increased simultaneously with [MeHg] (Fig. 3) .
In both lakes, the correlation between [MeHg] and [total Fe] in the hypolimnetic water was strong and highly significant statistically (z test, Bonferroni correction: P < 0.01), whereas that between [IHg] and [total Fe] was not (Table 3) . This indicated that the redox cycle of Fe had a stronger influence on [MeHg] than on [IHg] . Bloom et al. (1999) found the highest [MeHg] in marine sediment pore water at the point of maximum [total Fe], whereas the solubility of IHg was unrelated to changes in [total Fe] and [total Mn]. They concluded that the mobility of MeHg was controlled by metal oxide solubilization and that the mobility of IHg was controlled by formation of soluble sulfide or organic complexes. We believe that, in addition to the direct association of MeHg with HFO, a positive relationship between [total Fe] and [MeHg] in the hypolimnetic water could be explained by the fact that reductive dissolution of HFO and production of MeHg are both the result of anaerobic microbial activity. Furthermore, both the solubility of Fe(II) and the production of MeHg are reduced by high sulfide levels. Sulfate-reducing bacteria, known to produce MeHg when free sulfide levels are low to moderate Bartha 1985, 1987) , inhibit Hg methylation as well as remove Fe(II) from solution (FeS(s) formation) as a result of their production of sulfide.
For the upper lake, it is clear that the hypolimnetic buildup of Mn started earlier than that of MeHg (Figs. 3a and 3e), but this should not be taken as evidence that HMO is a poor scavenger of MeHg. While Mn(II) is known to be able to diffuse through oxic sediment layers (Davison et al. 1982) , it seems probable that any MeHg released in conjunction with reductive dissolution of HMO would become trapped by oxides still remaining at the sediment-water interface. In addition, since most of the hypolimnetic MeHg probably was a result of in situ production rather than of release of MeHg from the sediment (see below), reductive dissolution of manganese oxide seemed to have started at higher redox potentials than Hg methylation.
Besides scavenging oxides, organic particles as well as dissolved organic complexing agents will affect the mobility of Hg. In the hypolimnion of the lower lake, in which sulfide could not be detected during the study period, [IHg] (Regnell et al. 1997) . This is likely the case because virtually all filter-passing Hg(II) and MeHg in nonsulfidic water is bound to dissolved or colloidal organic matter (Stordal et al. 1996; Hintelmann et al. 1997 ) and because oxides are efficient scavengers of dissolved and colloidal organic compounds (Tipping and Woof 1983) . However, as discussed by Tipping and Woof (1983) , organic matter can accumulate in hypolimnia not only as a result of dissolution of oxides but also as a result of anaerobic decomposition of particulate organic matter resulting in dissolved and colloidal forms. A simultaneous buildup of total Fe could be explained by microbially mediated reduction of Fe(III) to more soluble Fe(II). Similarly, rather than being a result of dissolution of HFO and HMO, the hypolimnetic buildup of Hg could have been the result of decomposition of particulate organic matter to which it was bound. In line with this interpretation of the simultaneous buildup of THg, total Fe, and total Mn, Hurley et al. (1991) concluded that mineralization of settling particles of biological origin explained the hypolimnetic enrichment of THg in a Wisconsin seepage lake. Not knowing the composition of the particles carrying most of the Hg, we cannot tell whether organic matter decomposition was the primary cause of the hypolimnetic Hg enrichment or not. In any case, we believe that the redox cycles of Fe and Mn had a major effect on the amount of dissolved and colloidal Hg because any such Hg formed during organic matter degradation could be scavenged by HFO and HMO.
Even if not mineralized, dense layers of settling matter that have accumulated Hg, e.g., decaying phytoplankton, could give rise to what would appear as a hypolimnetic THg enrichment of short duration before ending up in the sediment. For our study lakes, a hypolimnetic enrichment of THg due high concentrations of settling (or resuspended) particles with which Hg was associated is not in line with our observation that [POC] and [SPM] did not increase simultaneously with [THg] (Fig. 4) . Yet another explanation for hypolimnetic Hg enrichment is that Hg(II) and MeHg form soluble complexes with bisulfide and (or) polysulfide or that Hg(II) forms colloidal HgS (Wang and Driscoll 1995; Hintelmann et al. 1997; Paquette and Helz 1997) . However, precipitation of Hg(II) as HgS(s) or its coprecipitation with FeS may also occur, depending on several factors such as the free sulfide concentration, pH, Fe(II) concentration, and the level and quality of dissolved organic matter (Dyrssen and Wedborg 1991; Ravichandran et al. 1999 ). The fact that sulfide levels were high when [IHg] and [MeHg] peaked in the hypolimnion of the upper lake indicates that the solubility of Hg increased instead of decreasing in the presence of sulfide (Fig. 3) . Furthermore, the lack of a clear relationship between Hg and DOC ( Figs. 3 and 4 ; Table 3) suggests that Hg formed complexes with sulfide rather than with DOC during the buildup of Hg in the hypolimnion. The sulfide levels that we measured in the hypolimnion of the upper lake fell within the range that Benoit et al. (1999) stated would lead to sulfide complexation of Hg(II) and to negligible amounts of Hg(II)-DOC complexes. Also, using the equilibrium calculations provided by Hintelmann et al. (1997) , sulfide would outcompete DOC in the complexation of MeHg.
High [THg] in sulfidic hypolimnetic water has been observed by others (e.g., Wang and Driscoll 1995) . Furthermore, a positive correlation between sulfide and [THg] has been found in estuarine and marine pore water (e.g., Bloom et al. 1999 ).
Levels of MeHg and THg in the epilimnetic and hypolimnetic surface sediment
It may seem surprising that sediment MeHg levels ([MeHg] SE ) were consistently higher at the shallow station than at the deep station in the upper lake, while the situation was the opposite in the lower lake (Figs. 5a and 5b). Several independent observations suggested that free sulfide had a significant influence on [MeHg] SE: 0-1 cm and was one of the variables explaining the fact that MeHg was differently distributed in the two lakes. At the shallow station in the upper lake, where dissolved oxygen was always >8 ppm in the water above the sediment surface, [MeHg] SE: 0-1 cm peaked in August, whereas at the deep station where sulfide was present in the bottom water, [MeHg] SE: 0-1 cm showed a steady decline during July-August (Fig. 5a ). This decline could be explained by release of MeHg to the water, in line with the fact that [MeHg] increased in the overlying water (Fig. 3a) .
As stated, release of MeHg from sediment can be a result of depletion of MeHg-scavenging HFO and HMO. The presence of free sulfide indicated that sulfide-reactive HFO and HMO had indeed become depleted in the sediment at the deep station in the upper lake (Fig. 3c) . It is also possible that the presence of free sulfide had a direct influence on the water solubility of MeHg through the formation of MeHgSH. Using thermodynamic data, Davies-Colley et al. (1985) concluded that metals that form soluble sulfide complexes could be released from anoxic sediment when sulfide-reactive Fe is depleted and free sulfide becomes available for complexation. If this interaction between sulfide-reactive Fe and sulfide affects MeHg in a similar manner, HFO might control MeHg release not only by its ability to bind MeHg but also by its ability to bind sulfide, thereby counteracting the formation of MeHgSH (or any other MeHg sulfide/polysulfide species). Note that the decrease in [MeHg] SE: 0-1 cm and [total S] SE: 0-1 cm coincided and that both [MeHg] and [sulfide] increased in the overlying water when this occurred (Figs. 3a  and 3c ). Given that IHg forms complexes with sulfide, its solubility would also be affected by the ability of Fe to scavenge free sulfide.
The decline in [MeHg] SE: 0-1 cm at the deep station may also have been the result of demethylation. However, given the rapid increase in [MeHg] in the water 0.5 m above the sediment, it seems unlikely that demethylation should be the sole cause (Fig. 3a) . A net loss of MeHg will result when its rate of formation is lower than its rate of decomposition. Note: These were measured on nine occasions at approximately monthly intervals between May and December 1996 in the hypolimnetic water of the upper lake and lower lake.*P < 0.05; **P < 0.01; ***P < 0.001. Thus, at high sulfide levels, even a slow rate of decomposition could result in declining [MeHg] SE . Hintelmann et al. (2000) showed by using stable Hg isotopes that ambient MeHg in anoxic sediment slurries had a half-life of only 1.8 days. However, they found that sulfide additions totally inhibited MeHg loss. This seemed to contradict the earlier finding that addition of sulfide can convert MeHg to dimethyl mercury (DMeHg) (Wallschläger et al. 1995) . According to Craig and Moreton (1984) , the reaction sequence for this conversion is 2MeHg + + S 2-= (MeHg) 2 S = HgS + DMeHg, where the last step occurs upon exposure to light. Thus, the stability of MeHg in sulfide-rich sediment remains uncertain.
The decrease in [MeHg] SE: 0-1 cm at the shallow station in the fall could have followed changes in the microbial activity, resulting in demethylation exceeding methylation (Fig. 5a) . Bodaly et al. (1993) found that the methylation to demethylation ratio in lake sediment decreased with decreasing temperature. Possibly, low temperatures are less disfavorable to demethylating organisms than to methylating ones. It is also possible that demethylation is partly an abiotic process (Suda et al. 1991) and hence that it is less depressed at low temperatures than methylation. In the lower lake at the deep station, there was no decline in [MeHg] SE: 0-1 cm during summer stratification (Fig. 5b) . Instead, [MeHg] SE: 0-1 cm increased throughout this period, probably because invariably low sulfide levels in combination with anoxic conditions at the hypolimnetic sediment-water interface favored Hg methylation and millitated against mobilization of MeHg from the sediment.
At the shallow station, low [MeHg] SE: 0-1 cm (Fig. 5b ) probably resulted from low net methylation rates. Cellulose fibers, which have been shown to stimulate MeHg production (Regnell et al. 1996) and which probably stimulated MeHg production in the sediment at the shallow station in the upper lake, were not present in the sediment at this station.
THg showed a distribution opposite to that of MeHg in the lower lake, with consistently higher [THg] SE: 0-1 cm at the shallow station than at the deep station (Figs. 5b and 5d) . Because of the high affinity of Hg for fine organic-rich particles, one would expect sediment focusing to result in higher [THg] SE: 0-1 cm in hypolimnetic than in epilimnetic sediment. Notably, [total C] SE: 0-1 cm was higher at the deep station than at the shallow station, indicating that organic matter was indeed subjected to focusing (Fig. 5j) . The difference in [total C] SE: 0-1 cm did not seem to be an effect mainly of different organic matter degradation because [total C] SE: 0-1 cm decreased at similar rates at the two stations during summer (Fig. 5j) .
It is evident from the [THg] SE depth profiles in the sediment cores sampled in the fall of 1999 that the major Hg pollution that occurred between 1940 and 1965 still had a strong effect on [THg] SE: 0-1 cm at the shallow station. At the deep station, the effect of this pollution on [THg] SE: 0-1 cm was much less because of a much higher sediment burial rate (Fig. 6) . Thus, for lakes in which Hg pollution has stopped, sediment focusing could lead to higher [THg] in surface sediment at shallow sites than at deep sites. Of course, bioturbation rates may also affect the rate of burial of old pollution.
Looking at the temporal variation during summer stratification, it is evident that [THg] SE: 0-1 cm kept increasing at the shallow station while decreasing at the deep station (Fig. 5d) . This indicated that retention and (or) incorporation of THg was higher at the shallow station, in line with the fact that Hg seemed to be released from particulate matter in conjunction with anaerobic conditions (Fig. 3) . Thus, a higher retention of Hg could have contributed to the fact that [THg] SE: 0-1 cm was higher at the shallow station than at the deep station.
Relationships between THg, MeHg, and other constituents in the sediment
Correlation analysis did not reveal any statistically significant (P < 0.05) temporal covariation between either THg or MeHg and the other sediment variables at any of the four stations, but the statistical power was low because of the high number of comparisons tested in each matrix (n = 11) and because sampling was restricted to nine occasions. We do not present these data because the pairwise relationships between the sediment variables were well reflected by the PCA plots (Fig. 7) . In the PCAs, individual values instead of mean values were used. Thus, small-scale spatial variation was included in the calculation. However, the PCA plots were only slightly altered using mean values instead of individual ones (data not shown).
The PCA suggested that THg (essentially IHg) was bound to organic matter in the upper lake (Figs. 7a and 7b) , indicating that most of the THg was still associated with cellulose fibers and that the content of fiber explained most of the variation in [THg] SE: 0-1 cm . Possibly, lignin residues, degradation products, and associated microorganisms increased the Hg-binding capacity of the fibers (Ziomek and Williams 1989) . It is also possible that Hg was present as inorganic sulfide. The projection of total S was closer to that of total C than that of total Fe (Figs. 7a and 7b) , suggesting that most of the S content was organically bound and hence that Hg was bound to organic matter via reduced S ligands. However, a positive relationship between organic matter and total S could also result from a stimulation of sulfate reduction and FeS(s) formation by organic matter.
MeHg seemed to be associated mainly with Fe and Mn, not with organic matter or sulfide, at both stations in the upper lake (Figs. 7a and 7b ). This indicated that once methylated, Hg had higher affinity for redox-sensitive HFO and HMO than for other sediment constituents, in accordance with the fact that [MeHg] was strongly correlated with [total Fe] and [total Mn] in the anoxic hypolimnetic water (Table 3). Apparently, methylation of Hg, which in this case probably was coupled to anaerobic degradation of the fibers (Regnell et al. 1996) , resulted in a transfer of Hg to HFO [THg] in the sediment of the lower lake as measured on two sediment cores collected in the fall of 1999. ᭜, deep station; ᭛, shallow station. Fig. 7 . Plots based on PC models, the variables being those indicated in the figure and the objects being the sediment samples (0-1 cm) (n = 41 or 42) taken at the (a) upper lake deep station, (b) upper lake shallow station, (c) lower lake deep station, and (d) lower lake shallow station. The samples were taken on nine different occasions (four or five replicate samples on each occasion) at approximately monthly intervals during 1996. All variables were standarized (SD = 1) prior to performing the PCA. The variance explained by each PC, expressed as a percentage of total variance, is given in parentheses. The large cross indicates the origin. and HMO. One would expect that IHg was released as a result of organic matter decomposition, forming either DOC or sulfide complexes, and that IHg was also scavenged by HFO and HMO. Possibly, the fraction of the sediment THg that was released was too small to result in a positive correlation between [THg] SE: 0-1 cm and the variables [total Fe] SE: 0-1 cm and total [Mn] SE: 0-1 cm . Gobeil and Cossa (1993) found that Hg mobilized through diagenetic processes was negligible compared with the total content of Hg in Hg-polluted estuarine sediments in the Laurentian Trough, Canada.
At both stations in the upper lake, [total P] SE: 0-1 cm was the sediment variable showing the strongest covariation with [MeHg] SE: 0-1 cm (Figs. 7a and 7b) . In addition to MeHg and P being associated with Fe, the level of both may have decreased because of increasing sulfide levels. Phosphorus is known to be displaced from Fe when the latter is converted to FeS (Roden and Edmonds 1997) . MeHg may not be displaced to the same extent as a result of this conversion. Krabbenhoft et al. (1998) presented results indicating that FeS(s) has the ability to scavenge MeHg. However, when all sulfide-reactive Fe is depleted, free sulfide may compete with FeS(s) in the binding of MeHg. Furthermore, free sulfide inhibits MeHg production. Thus, released MeHg will not be readily restored by new production. Another explanation for a positive P-MeHg relationship is that P may stimulate activities of methylating bacteria.
In the lower lake, the absence of Hg-polluted cellulose fibers may explain the weak relationship between [THg] SE: 0-1 cm and [total C] SE: 0-1 cm (Figs. 7c and 7d) . However, because of the high affinity of Hg for organic matter, one would have expected [THg] SE: 0-1 cm and [total C] SE: 0-1 cm to covary irrespective of the presence of cellulose fibers. A process that may counteract a tendency for a positive relationship between these variables is degradation of organic matter because this process will lead to a higher [THg] SE: 0-1 cm and to a lower [total C] SE: 0-1 cm , provided that Hg is retained in higher proportion than the organic matter. At the shallow station, it was evident that [total C] SE: 0-1 cm decreased during summer, presumably because of organic matter degradation, whereas [THg] SE: 0-1 cm increased. At the deep station, organic matter degradation in the surface sediment seemed to have occurred at a rate similar to that at the shallow station, but [THg] SE: 0-1 cm decreased during summer, indicating that Hg was released (Figs. 5d and 5j) .
Apparently at odds with HFO and HMO being important scavengers of dissolved Hg(II), [total Fe] SE: 0-1 cm and [total Mn] SE: 0-1 cm were weakly or even inversely related to [THg] SE: 0-1 cm at both stations in the lower lake (Figs. 7c  and 7d ). At the shallow station, it is likely that the amount of HFO and HMO in the surface sediment was not limiting for the retention and (or) incorporation of Hg, i.e., that there was always enough oxide to efficiently retain it. Thus, one should hardly expect [total Fe] SE: 0-1 cm and [total Mn] SE: 0-1 cm to show strong relationships with [THg] SE: 0-1 cm at this station. Furthermore, most of the THg was probably bound to particulate organic matter, from which only a small fraction was transferred to HFO and HMO (Gobeil and Cossa 1993) . At the deep station, THg may have been in the form of sulfide (Fig. 7c) .
[MeHg] SE: 0-1 cm showed a relationship with [total Fe] SE: 0-1 cm and [total P] SE: 0-1 cm at the deep station in the lower lake that was totally different from that seen in the upper lake. Instead of clustering with total Fe and total P in the PCA, the projection of MeHg was opposing those of total Fe and total P, suggesting that [MeHg] SE: 0-1 cm varied inversely with [total Fe] SE: 0-1 cm and [total P] SE: 0-1 cm (Fig. 7c) (Figs. 5b and 5f ). The negative correlation between MeHg and total P is consistent with the fact that P is released when HFO is converted to FeS(s) by sulfate-reducing bacteria, known also to methylate Hg(II). A likely explanation for the fact that the two study lakes displayed different MeHg-P-Fe relationships was that sulfide-reactive Fe was depleted in the upper lake but not in the lower lake.
THg in the surface sediment and the settling matter
In both lakes, [THg] SE: 0-1 cm was higher than the integrated [THg] ([THg] INT ) in the settling matter trapped 1 m above the sediment surface, except at the deep station in the upper lake (Fig. 8) . At the latter station, [THg] SE: 0-1 cm and [THg] INT were similar, probably because of high resuspension, especially in conjunction with turnover. For the deep station in the lower lake, with a well-buried Hg peak and with only slightly increasing [THg] with increasing sediment depth in the upper 0-to 10-cm layer (Fig. 6) , it is questionable whether "old Hg" could explain the fact that [THg] SE: 0-1 cm was 1.5 times higher than [THg] INT at the end of the study period. An alternative explanation is postdepositional enrichment, i.e., direct sorption of dissolved or colloidal Hg by the sediment surface. The hypolimnetic Hg enrichment (Fig. 9 ) indicated that the settling matter became depleted in Hg when it reached the anoxic hypolimnion. Upon reoxygenation, it seems possible that these particles would be undersaturated with Hg in relation to dissolved or colloidal Hg and that this would lead to direct sorption. Any such Hg could be released during the next anaerobic event, but perhaps not all of it.
In principle, direct sorption could have occurred at the other stations as well, depending on how fast equilibrium partitioning is reached, the presence of dissolved Hg, the time it takes for particles to reach the sediment, and how stable are those conditions that affect the partitioning of Hg between particulate and dissolved forms.
Whole-lake studies performed in the Experimental Lakes Area, Canada, did suggest that for heavy metals reaching the epilimnion in a dissolved state, direct sorption could be significant (e.g., Hesslein 1987) . Watras et al. (1995b) found that on average, 80% of THg passed 0.45-mm filters in epilimnetic water from 23 lakes in Wisconsin. As already noted, organic matter decomposition would result in higher [THg] SE , provided that Hg is more conservative than the organic matter during sediment diagenesis. However, only at the shallow station in the lower lake was there a significant difference between [total C] SE and [total C] INT (data not shown).
Effects of the sediment on the hypolimnetic Hg
The water depth profiles suggest that release from sediment was more important for MeHg than for IHg, especially in the upper lake (Fig. 10) . However, as already mentioned, an apparent slow release of IHg from the sediment and from settling particles in the upper lake could be a result of rapid methylation.
In the upper lake, the decrease in [MeHg] SE: 0-1 cm could at most explain 60% of the major increase in MeHg in the 1-m water layer closest to the sediment, provided that new production of MeHg in the sediment was negligible (Fig. 3a) , leaving most of the buildup of MeHg in the anoxic bottom water unexplained. The contribution from the sediment could have been even less if the decrease in [MeHg] SE: 0-1 cm was the result of demethylation rather than of release of MeHg to the water. On the other hand, sediment at depths greater than the sampled layer could be an additional source of MeHg. In the lower lake, [MeHg] SE: 0-1 cm increased rather than decreased during the buildup of MeHg in the hypolimnion (Fig. 3g) .
High-resolution sampling close to the sediment-water interface would have been necessary to determine the flow of MeHg and IHg between sediment and water. Whether or not MeHg produced in the sediment constituted a significant part of the MeHg present in the anoxic bottom water, sedi- ment oxygen consumption and release of nutrients may have contributed significantly to the conditions in the overlying water that promoted both Hg methylation and release of MeHg from settling particles.
In the upper lake, [MeHg] reached >50% of [THg] in the hypolimnetic water and [MeHg] SE reached >10% of [THg] SE , whereas in the lower lake, the corresponding percentages were 18 and 3%. This indicated that the presence of cellulose fibers in the sediment greatly stimulated MeHg production in the upper lake, in agreement with a laboratory study of sediment and water from another lake (Regnell et al. 1996) .
